1. Introduction {#s0005}
===============

Why one genome sequence can give rise to so many different cell types in organism development, cell differentiation and disease occurrence? We now know that the driver is the temporal and spatial difference expression of genes, in which the gene transcriptional regulation plays a key role. Transcriptional regulation is a complex biological process involving a large number of interactions among DNA regulatory elements (promoters, enhancers, silencers, terminators etc), RNAs (mRNAs, tRNAs, non-coding RNAs etc) and proteins (transcription factors, histones, enzymes etc) \[[@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045]\]. The basic process of transcriptional control has been well described that transcription factors occupy specific DNA elements such as promoters or enhancers and then recruit RNA polymerase and cofactors to target genes \[[@bb0050], [@bb0055], [@bb0060], [@bb0065]\]. Recent discoveries show that histone modifications, so-called "histone code", control the docking of regulatory factors with DNA elements by altering chromatin accessibility \[[@bb0070]\]. Furthermore, the discovery of dynamic and hierarchical chromatin structure added a new dimension to gene transcriptional regulation.

More and more evidences have proved that chromosomes are dynamically reorganized to suit the cell\'s needs \[[@bb0075], [@bb0080], [@bb0085]\]. They are compressed into compact bodies in mitosis, and decompressed in interphase to allow gene expression. Recently, some observations based on Hi-C method \[[@bb0005]\] coupled with super-resolution imaging technique \[[@bb0090]\] have revealed the hierarchical structure of chromatin organization for interphase chromosomes. The Hi-C-based methods were used to assess contacts for millions of loci simultaneously by averaging chromosome conformations from millions of nuclei. The microscopy-based methods directly image the spatial organization of single chromosome in single cell. These two methods have unraveled that chromatins are partitioned into active (A) and inactive (B) compartments in a polarized manner. The A/B compartments can change dynamically across cell types, and these changes are associated with gene transcription. Another kind of substructure within chromatin compartments called topologically associating domains (TADs) has been identified in mammalian genomes \[[@bb0095]\]. Unlike A/B compartments, the TADs are stable across different cell types and highly conserved across species, suggesting that TADs are the units of dynamic alterations in chromosome compartments. By analyzing the spatial organization of a 4.5-megabases region on the mouse X-chromosome, Nora et al. \[[@bb0100]\] found that the expression profiles of genes with promoters located within the same TAD were correlated. And their more detailed analysis of each domain suggested these genes are integrated into a similar cis-regulatory network, potentially sharing common cis-regulatory elements. Active transcription units can be clustered in the nucleus, in discrete sites called "transcription factories". More studies have shown that transcription factories could help organize chromatin and nuclear structure, which contributes to both the formation of chromatin loops and the cluster of active and co-regulated genes \[[@bb0105],[@bb0110]\]. For example, the RNA polymerase II (Pol II) concentrates in discrete sites to coordinate regulating gene transcription \[[@bb0115],[@bb0120]\].

In fact, many works have tried to reveal the relationship between chromatin interactions and gene co-transcription in the genome of human and mouse \[[@bb0125], [@bb0130], [@bb0135], [@bb0140], [@bb0145]\]. Most of them statistically analyzed the correlation of gene expression level across a large collection of expression datasets in a broad range of conditions. However, the 4C or Hi-C datasets they used were generated only in one or two cell lines. For example, Dong et al. \[[@bb0125]\] tested the correlation between Hi-C interaction (observed from human GM06990 and K562 cells) and the mutual ranks of gene co-expression rates. Their results illustrated that co-expression is strongly associated with chromatin interaction. The inconsistency of the Hi-C data and RNA-seq data would prevent from achieving convincing conclusion because of the dynamics of chromatin organization. Indeed, relatively few Hi-C data in a small collection of primary cell lines restricts our knowledge of chromosome architecture.

Recently, Ren\'s lab \[[@bb0150]\] provided a rich resource of chromatin contact maps and gene transcription profiles across 21 well-annotated human tissues and cell types. Based on this dataset, we reconstructed gene-level chromatin interaction and co-transcription in twenty tissues and cell lines. We applied matrix visualization method designed to reveal the relationship between chromatin spatial organization, genes transcription and function cluster on genomics level. Total of 11,588 genes in 23 chromosomes were included and 23 function-similarity matrices, 23 co-transcription matrices and 460 contact matrices were generated for comparative analysis in this study. Finally, we focused on the local domains to study how the spatial reorganization of chromatin regulated gene transcription.

2. Materials and Methods {#s0010}
========================

2.1. Gene annotations {#s0015}
---------------------

The GENCODE release 19 for human genome was used as the initial gene annotations which is provided by the public research consortium named ENCODE. We collected 20,344 "protein coding" genes from the database and sorted them by chromosomal coordinates.

2.2. Gene function-similarity quantifying {#s0020}
-----------------------------------------

The function "mgeneSim" of GOSemSim R package was used to calculate the pairwise GO semantic similarities between any two genes in each chromosome. This process provided a large-scale quantitative way to investigate functional similarities between genes. At first, those genes without GO annotations were filtered out automatically by the program. As a result, total of 11,588 genes were remained for 23 chromosomes (include chromosome 1--22 and X; Table S1). Subsequently, the graph-based \[[@bb0155]\] measure algorithm was utilized to measure the semantic similarity of two GO terms defined as follows.

Given two genes *X* and *Y* annotated with GO terms as *GO*~*X*~ = {*go*~*X*1~, *go*~*X*2~, ⋯, *go*~*Xm*~} and *GO*~*Y*~ = {*go*~*Y*1~, *go*~*Y*2~, ⋯, *go*~*Yn*~}, respectively, the functional similarity between them is defined as,$$S\left( {X,Y} \right) = \frac{\sum\limits_{1 \leq i \leq m}S\left( {\mathit{go}_{\mathit{Xi}},\mathit{GO}_{Y}} \right) + \sum\limits_{1 \leq j \leq n}S\left( {\mathit{go}_{\mathit{Yj}},\mathit{GO}_{X}} \right)}{m + n}$$where$$S\left( {\mathit{go},\mathit{GO}} \right) = \max\limits_{1 \leq i \leq k}\left( {S_{\mathit{GO}}\left( {\mathit{go},\mathit{go}_{i}} \right)} \right)$$

The semantic similarity *S*(*go*, *GO*) between one term go and a GO term set *GO* = {*go*~1~, *go*~2~, ⋯, *go*~*k*~} is defined as the maximum semantic similarity between term go and any of the terms in set GO. Accordingly, we can achieve a matrix with the element of functional similarity *S*(*X*, *Y*) between two genes shown as,$$\begin{bmatrix}
{S\left( {\mathit{gene}_{1},\mathit{gene}_{1}} \right)} & {S\left( {\mathit{gene}_{1},\mathit{gene}_{2}} \right)} & \cdots & {S\left( {\mathit{gene}_{1},\mathit{gene}_{r}} \right)} \\
{S\left( {\mathit{gene}_{2},\mathit{gene}_{1}} \right)} & {S\left( {\mathit{gene}_{2},\mathit{gene}_{2}} \right)} & \cdots & {S\left( {\mathit{gene}_{2},\mathit{gene}_{r}} \right)} \\
 \vdots & \vdots & \vdots & \vdots \\
{S\left( {\mathit{gene}_{r},\mathit{gene}_{1}} \right)} & {S\left( {\mathit{gene}_{r},\mathit{gene}_{2}} \right)} & \cdots & {S\left( {\mathit{gene}_{r},\mathit{gene}_{r}} \right)} \\
\end{bmatrix}$$

In fact, the GO term used in measurement can be restricted by assigning the corresponding parameter to "BP" (biological process), "MF" (molecular function) and "CC" (cellular component). Thus, we can obtain three matrices ([Supplementary Fig. S4](#ec0020){ref-type="supplementary-material"}, [Supplementary Fig. S5](#ec0025){ref-type="supplementary-material"}, [Supplementary Fig. S6](#ec0030){ref-type="supplementary-material"}). Because the three measurement can produce similar patterns, we only employed "MF" measurement for further study in this work.

2.3. Assessing gene co-transcription {#s0025}
------------------------------------

The FPKM values of all genes in 20 tissues and cell types were obtained from Ren\'s re-analyzing RNA-seq dataset \[[@bb0150]\]. The accession number for the processed sequencing data is GEO:[GSE87112](ncbi-geo:GSE87112){#ir0005}. In order to facilitate comparative analysis, only 11,588 corresponding genes were retained. As Eisen has done \[[@bb0160]\], the Pearson correlation coefficient (PCC) analysis was performed to characterize the co-transcription.

Let *G*~*t*~ equal the FPKM value (log-transformed) for gene *G* in tissue *t*. For any two genes *X* and *Y* observed over a series of *N* tissues, a similarity score can be calculated by:$$P\left( {X,Y} \right) = \frac{1}{N}\sum_{t = 1}^{N}\left( \frac{X_{t} - X_{\text{offset}}}{P_{X}} \right)\left( \frac{Y_{t} - Y_{\text{offset}}}{P_{Y}} \right)$$where$$P_{G} = \sqrt{\sum_{t = 1}^{N}\frac{\left( {G_{t} - G_{\text{offset}}} \right)^{2}}{N}}$$

When *G*~offset~ is set to the mean of observations on *G*, then *P*~*G*~ becomes the standard deviation of *G*, and *P*(*X*, *Y*) is exactly equal to the PCC of the observations of *X* and *Y*. When the observations unchange across all tissues, *P*~*G*~ equals to 0, then *P*(*X*, *Y*) is set to "NA" with the white region in heatmap. The PCC matrix is constructed using "cor" function in R.

2.4. Generating gene-level contact maps from Hi-C library {#s0030}
---------------------------------------------------------

Previous Hi-C maps were created by dividing a genome into fixed resolution loci (e.g., 40 kb, 1 Mb) and counting the number of cross-linked DNA fragments between two loci. Thus, one locus can include many genes and one gene can reside in several loci. To get the contacts count between a pair of genes, we converted the loci-based Hi-C matrix to a gene-based Hi-C matrix by using Babaei\'s method \[[@bb0130]\].

In detail, we represented the interactions of gene pairs by the contacts between two loci where the transcription start sites (TSS) of genes locate on. Let *h*~*XY*~ represent the interactions between gene pairs(*X*, *Y*) and *H*~*ab*~ represent the interactions between two loci (*a*, *b*). Then, we can get the following equation:$$h_{\mathit{XY}} = H_{\mathit{ab}},\text{when}\ \mathit{TSS}\left( X \right)\  \in \ a\ \text{and}\ \mathit{TSS}\left( Y \right)\  \in \ b$$

It is reasonable due to the transcriptional regulating is always taken place at the promoter region. Then, the 40 kb resolution Hi-C maps were converted to gene-level interaction maps. We only focused on intra-chromatin contacts in this study. Therefore, an interaction matrix was obtained for each chromosome in each tissue or cell line. Like Hi-C maps, they can also be visually represented by a heatmap, with intensity indicating contact frequency. The contact frequency was performed log transformation to make patterns more visible here.

2.5. Histone modification {#s0035}
-------------------------

The histone modifications signal used in this study were derived from the NIH Roadmap Epigenomics Project \[[@bb0165]\]. We selected histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 27 acetylation (H3K27ac) which have been well known as the markers of active promoters. The average signal intensity of the \[−500 bp, +500 bp\] region flanking the TSS was calculated for each gene in each cell line.

3. Results {#s0040}
==========

3.1. Gene function-similar analysis {#s0045}
-----------------------------------

We downloaded the human gene annotations from ENCODE/GENCODE \[[@bb0170]\] and obtained 20,344 protein coding genes. After filtering out the genes which had no gene ontology (GO) annotations (see Methods for details), total of 11,588 genes were retained. The "GOSemSim" \[[@bb0175]\] R package was used to compute semantic similarities between genes in the same chromosome. For each chromosome, a matrix with linear arrangement of protein coding genes was constructed and shown in [Fig. 1](#f0005){ref-type="fig"}. Each entry in the matrix represents the semantic similarity value of a gene pair. From this figure, we found that function-similar genes are frequently separated by unrelated one. And many gene family clusters with special function have very low correlation with other genes. Here, we showed an example of the olfactory receptors (OR) which are members of the class A rhodopsin-like family of G protein-coupled receptors (GPCRs) \[[@bb0180]\]. The OR gene family is the largest one consisting of around 800 genes in human genome. In the function-similar map, it is easy to find two large OR gene clusters occur in chromosome 11([Fig. 1](#f0005){ref-type="fig"}a).Fig. 1Intra-chromatin gene function similarity. **a** Heat maps of molecular function similarity for chromosome 4, 9, 11 and 19. The similarity is quantified by "GOSemSim" in each individual chromosome with the parameter "MF". The normalized output values are between 0 (yellow) and 1 (red). "GN" in the lower left of each panel indicate the number of genes in that chromosome. **b** Heat maps for chromosome 6 with the parameter "BP", "CC" and "MF", respectively. The heat map at the lower right indicate the focus region of histone gene cluster in chromosome 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 1

3.2. Gene co-transcription analysis {#s0050}
-----------------------------------

The aim of assessing gene co-transcription is to find out the genes that have similar transcription profiles. One accepted viewpoint is that co-transcription genes are controlled by a same transcriptional regulatory program \[[@bb0185]\]. These genes usually display correlation on function and are members of the same pathway or protein complex. Here, the transcription correlations between gene pairs across all 20 tissues and cell types were measured by the PCC. Transcription levels of the 11,588 genes were obtained from seven cultured cell types and thirteen human adult tissues. [Supplementary Fig. S1](#ec0005){ref-type="supplementary-material"} shows the transcription correlation of these genes among 23 human chromosomes (except for chromosome Y and M). Similarly, co-transcription maps were used to display how similarly the expression change of gene pairs on the same chromosome. These maps could reveal chromosomal domains of gene expression like Cohen\'s discovery in the *Saccharomyces cerevisiae* genome \[[@bb0190]\].

Three representative maps for chromosomes 4, 6, 11 have been shown in [Fig. 2](#f0010){ref-type="fig"}. Adjacent groups of correlated genes were depicted as blocks of red squares centered on the diagonal. Co-transcription maps can only determine whether the transcript level of gene pairs rise and fall together across samples, but cannot tell us when they rise or fall. Therefore, we also compared gene transcription profiles across different tissues and cell types and found 47 clustered histone genes in chromosome 6 do not transcribe or transcribe a little across most tissues and cell types, but upregulate in GM12878 and IMR90 cell types ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Gene co-transcription. **a**, **c** and **e** are the asymptotic red heat maps for the FPKM values across 20 tissues for genes of chromosome 4, 6 and 11 respectively. **b**, **d** and **f** are the green-red heat maps for pairwise co-transcription quantified by Pearson correlation coefficient (white line: standard deviations equal to zero). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 2

3.3. Gene spatial interaction analysis {#s0055}
--------------------------------------

Ren\'s data provided systematic characterization of chromosome architecture across 14 primary human tissues and 7 cell types \[[@bb0150]\]. The statistically significant of contacts in Hi-C data were identified at 40-kb resolution in their research. Based on Ren\'s data, we assessed the relationships between genome organization and gene co-transcription. The gene-resolution contact matrices were constructed to investigate the interactions between genes by the contacts number between the chromatin bins (here, 40 kb) where genes locate on. We focused only on intra-chromatin gene pairs. Then, 460 contact matrices and corresponding maps were generated (the contact maps for each chromosome in GM12878 and IMR90 cell lines were listed in Additional file 2: [Supplementary Fig. S2](#ec0010){ref-type="supplementary-material"} and Additional file 3 [Supplementary Fig. S3](#ec0015){ref-type="supplementary-material"}). From the contact maps, we observed the plaid patterns of spatial compartment and the TADs along the diagonal. TADs are highly conserved across different tissues and cell types, which are agree with previous results \[[@bb0075],[@bb0095],[@bb0150]\]. In contrast, spatial compartmentalization is not always the same in different tissues and cell types. For example, in IMR90 cell type, the genes spatial organization compartmentalized highly. However, it was not obviously found in others ([Fig. 3](#f0015){ref-type="fig"}a). The gene expressions in IMR90 are usually upregulated, suggesting that spatial compartmentalization is conducive to gene transcription.

Earlier research using fluorescence in situ hybridization (FISH) in several tissues of mouse has revealed that spatial genome organization is tissue-specific \[[@bb0195]\]. Recently, results from Hi-C experiments in multiple cell lines during stem cell differentiation \[[@bb0075],[@bb0150]\] and primary fibroblasts over 56-h time course \[[@bb0200]\] have exhibited genome dynamic and tissue-specific organization in human. Here, we counted the numbers of gene interaction in different tissues or cell lines and used the diagram ([Fig. 3](#f0015){ref-type="fig"}b) to display the dynamic of gene interplay among different tissues. We found that total of 274,755 interactions only occurred in one tissue or cell type. The retained 10,912 interactions appeared in all 20 tissues and cell types in chromosome 1 ([Fig. 3](#f0015){ref-type="fig"}c). These observations show that the interactions between genes are dynamic and tissue-specific, but the basic structure units, TADs, are conserved.Fig. 3Chromatin spatial organization. **a** The degree of chromatin spatial compartmentalization influences gene expression. The heat maps are gene-level contact maps of chromosome 17 in IMR90, Hippopotamus (HC) and Pancreas (PA) respectively. The bar plots directly below show the FPKM values of each gene in corresponding cell line or tissue. **b** Gene interaction dynamic in chromosome 1. Pie plot shows the proportion of gene interaction which occur in N tissues or cell lines. **c** Human genome displays polarized organization. The polarized organization is apparent on gene-level contact maps of chromosome 1, 3 and 20 in IMR90 cell line. The arrows above maps are pointing to the position of centromere.Fig. 3

Previous studies in Drosophila have shown the limited nature of interactions between genes or chromatin regions on different chromosome arms \[[@bb0205], [@bb0210], [@bb0215], [@bb0220]\]. In plants, after mitosis, a polarized genome organization called "Rabl" has been observed \[[@bb0225]\]. In the polarized genome, each chromosome occupies a territory with centromere at one nuclear pole and telomeres on the opposite side of the nucleus. Such organization is also apparent in our study, behaving as many maps display two big blocks breaking at the centromere ([Fig. 3](#f0015){ref-type="fig"}c). It suggests that the contact frequencies between two arms of chromosome are drastically reduced.

3.4. The relationship between co-transcription, interaction and function {#s0060}
------------------------------------------------------------------------

We further comparatively analyzed the relationship between co-transcription, interaction and function based on the three matrices. As there are a large number of tissue-specific interactions, we firstly calculated the average Hi-C scores of chromosome 6 across 20 tissues and cell lines. The average Hi-C maps show the conserved TADs along the diagonal more clearly ([Fig. 4](#f0020){ref-type="fig"}a). Then, the transcription correlation distribution of the gene-pairs was calculated and shown in [Fig. 4](#f0020){ref-type="fig"}b according to different average Hi-C scores. This treatment differs from previous study which calculated correlation between Hi-C interaction and co-transcription in only one cell line \[[@bb0125]\]. Next, we calculated the functional similarity distribution of the gene-pairs in various thresholds of the average Hi-C scores ([Fig. 4](#f0020){ref-type="fig"}c). As the interactions are tissue-specific, the Hi-C scores \>0.4 were considered as the stable interactions by filtering out a majority of tissue-specific interactions. The results indicate that stably interacting gene pairs are more likely function-related. The intersection of the gene co-transcription, functional similarity and interaction was shown in [Fig. 4](#f0020){ref-type="fig"}d. In chromosome 6, there are 41,977 gene pairs that are co-transcription (PCC ≥ 0.5), and 109,973 gene pairs are molecular function similar (GOSemSim score ≥ 0.5) and 7265 gene pairs have stably interaction. About 41.0% (2980/7265) of interacting gene pairs are co-transcription and 7.1% (29,80/41,977) of co-transcription gene pairs are also interacting gene pairs. In addition, 36.3% (15,252/41,977) of co-transcription gene pairs and 53.9% (3919/7265) of interaction gene pairs display functional similarity. These results indicate that the interaction and function similarity can contribute to but not determine gene co-transcription, which is in accordance with previous conclusion \[[@bb0020],[@bb0030],[@bb0230]\].Fig. 4The global relevance between co-transcription, interaction and function similarity. **a** Average contact map of chromosome 6. **b** The green boxes plot shows the distributions for co-transcription gene pairs which interact at least in N tissues or cell lines, whereas the yellow boxes are distributions for function-similar gene pairs which interact at least in N tissues or cell lines. **c** The Venn plot showing the intersection of the three. The interaction is included when the entry is greater than zero at least in five Hi-C contact matrices. The number of gene pairs is calculated when Pearson correlation coefficient of gene expression is equal to or \>0.5. Similarly, two genes are regarded as function-similar when GOSemSim score is equal to or \>0.5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 4

Although the gene correlation is weak at whole genome wide, we still observed that some function-related gene clusters were physical proximity and displayed similar transcription patterns. The typical representative is histone gene family in chromosome 6 which include 47 histone genes (from HIST1H3A Chr6:26,020,717--26,021,186 to HIST1H2BO chr6:27,861,202--27,861,669 along the line genome). These histone genes interact with each other to form a local structure domain in a chromatin region spanning 1.8 Mb. In this region, the correlation of the three (gene co-transcription, functional similarity and interaction) is strong. For example, there are 73.7% (1693/2298) of interaction gene pairs that are co-transcription and 87.5% (1693/1935) of co-transcription gene pairs interact with each other. 93.2% (1803/1935) of co-transcription gene pairs and 81.9% (1881/2298) of interacting gene pairs display functional similarity ([Fig. 5](#f0025){ref-type="fig"}a). The interaction frequency in the adjacent region described above displays a hot spot on the heatmap ([Fig. 5](#f0025){ref-type="fig"}b). The frequent contacts imply that megabase chromatin compress tightly, resulting in a substructure in the three-dimensional space of the nucleus. The transcription correlation patterns are well characterized through the PCC heatmap ([Fig. 5](#f0025){ref-type="fig"}b). As this histone gene cluster is repressed across 18 tissues and activated in GM12878 and IMR90 cell lines (particularly, the FPKM (fragments per kilobase of exon model per million fragments mapped) value run up to 1000). Histone is the key parts of nucleosome which was a basic unit of DNA packaging in eukaryote, consisting of a \~147 bp of DNA wound in sequence around eight histone protein cores and widely distributes along genomics. Thus, these histone genes must express together to satisfy the requirement of nucleosome. However, the biology importance of extreme tissue-specific expression for these histone genes still need to be revealed through dynamic chromatin organization.Fig. 5The local relevance between co-transcription, interaction and function similarity. **a** The Venn plot showing the intersection of the three when focus on the local region of chromosome 6. **b** Three heat maps (yellow for function similarity, green for co-transcription, blue for interaction) comparison illustrating the strong correlation in local region of chromosome 6 and 11. Dotted line marked the strong correlation region on the maps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

We next analyzed chromatin dynamic in the hot spot and adjacent region (from HIST1H3A Chr6:26,020,717--26,021,186 to chr6:32,780,539--32,784,825). It is divided into four structure domains based on the contact map ([Fig. 6](#f0030){ref-type="fig"}a). Domain A (from HIST1H3A Chr6:26,020,717--26,021,186 to HIST1H2BO chr6:27,861,202--27,861,669) is composed of 48 histone genes and 5 other genes. Domain B (from OR2B2 chr6:27,878,962--27,880,174 to OR2H1 chr6:29,424,957--29,432,105) includes 14 olfactory receptor genes and 4 other genes. Domain C (from MAS1L chr6:29,454,473--29,455,738 to NOTCH4 chr6:32,162,619--32,191,844) contains various genes such as HLA gene family and TRIM gene family and so on. Domain D (from HLA-DRA chr6:32,407,618--32,412,823 to HLA-DOB chr6:32,780,539--32,784,825) is composed of 8 HLA genes. The genes in Domain C express stably across all the 20 tissues and cell lines. Most of the olfactory receptor genes in Domain B are silent in the 20 tissues and cell lines. The genes in Domain A and Domain D express only in few cell lines but are co-expression. In GM12878 and IMR90 cell lines, the contacts between Domain A and Domain C increase, resulting in histone genes being activated sharply. The FPKM value increases hundreds of times even ten thoughts of times. In IMR90, H1 and MSC cell lines, the Domain D interacts frequently with silent Domain B, resulting in the HLA genes being repressed. In GM12878 cell line, the Domain D is away from Domain B and closing to Domain A and Domain C which have been activated. Furthermore, we also compared the distributions of two histone modifications (H3K4me3 and H3K27ac) at the promoter regions ([Fig. 6](#f0030){ref-type="fig"}b). One may notice that the signal intensities of the two modifications in Domain D correspond to the domains it connected with. This observe extends Rao\'s observation in GM12878 and IMR90 cells for H3K36me3 and H3K27me3 \[[@bb0235]\]. We demonstrate that interaction dynamic is accompanied by changes of histone marks. This conclusion is consistent with the others\' observation that 3D domains correlate strongly with the 1D epigenomic information along the genome \[[@bb0240]\]. In summary, these results indicate chromatin spatial organization indeed affects gene expression. The genes within stable domains are co-regulated by the spatialization of the domains.Fig. 6Chromatin dynamical organization. **a** Tissue-specific interaction regulates gene expression across GM12878, IMR90, Embryonic Stem Cell (H1) and Mesenchymal Stem Cell (MSC). Boxes indicate the boundaries of Domain A, B, C and D. The arrows are pointing to the tissue-special interaction regions. The bar plots directly below show the FPKM values of each gene in corresponding cell lines.**b** The changes of spatial position are accompanied by the changes of histone modification. The left bar plots show the distributions for H3K4me3 in GM12878, IMR90, H1 and MSC cell lines, and the right bar plots for H3K27ac. The boxes highlight the significantly different region between four cell lines.Fig. 6

Another example is the biggest olfactory receptor gene cluster which locate on chromosome 11. Approximately 200 OR genes are divided into three groups and scatter across chromosome 11 ([Fig. 5](#f0025){ref-type="fig"}b). These genes are always silent and form independent structure domains with self-organizing. They contact each other frequently but seldom interact with other genes. It is consistent with previous study that chromatins are partitioned into active and inactive compartments.

4. Discussion {#s0065}
=============

In prokaryotes, a cluster of function-related structural genes are organized into an operon which contains only a single promoter, which make their expression easily being coregulated \[[@bb0245]\]. The genes organization in eukaryotic genomes is more complicated than prokaryotes. Besides histone modification, transcription factor and super enhancer, the three-dimensional genome organization has been increasingly considered as an important regulator of gene transcription.

Do the function-related genes close physically proximity to each other for being coregulated? To address this question, we characterized three types of relationships (co-transcription, spatial interaction and function similarity) of pairwise genes intra-chromatin wide and made a comparative analysis. Different from previous observations \[[@bb0125]\] in only two cell lines (human GM06990 and K562), we failed to find significant correlation on global level. Only 10.5% of interaction gene pairs (Hi-C score \> 0) are co-transcription and 27.2% are function-related. A large number of tissue-specific gene interactions result in the phenomena. However, we could still observe the strong correlations in the conserved and stable interactions (within substructures). In particular, some hot spot regions where gene family clustered in are highly coincided on three relationships, implying the contribution of substructure for gene co-transcription. The most representative instance is histone gene family in chromosome 6 which displays the coregulation of frequently interacting genes. The expressions of these genes are highly tissue-specific. Based on the visualized maps, we observed the influence of genome dynamic organization on gene co-transcription. Further analysis on the hot spot region reveals that the chromatin could arrangement across various tissues and some special structure domains may be recruited to a transcription factory where the appropriate transcription and processing factors are highly concentrated, thereby facilitating the expression of those genes.

Our discovery is similar with previous studies on the mouse globin genes in erythroid tissues \[[@bb0250]\]. Using 4C and DNA FISH techniques, they showed that specialized transcription factories boost the expression of clustered and co-regulated genes. These researches \[[@bb0195],[@bb0250]\] thought that preferential associations in transcription factories substantially affected higher order chromosomal conformations and were a major driving force in tissue-specific chromosome positioning. Whether transcription is causative or a consequence of higher order chromatin organization is still a matter of debate. But our discovery and previous examples in various model organisms \[[@bb0255], [@bb0260], [@bb0265], [@bb0270]\] demonstrated that spatial association between co-regulated genes is a widespread principle of nuclear organization.

In fact, our discovery is taking advantage of the most comprehensive Hi-C maps in human tissues. Although Hi-C method is a powerful tool to offer a global view of chromatin interactions within a single experiment, it is costly to sequence to sufficient depth to provide enough resolution to capture gene-gene loops. Recently, a high-resolution capture Hi-C method that map long-range promoter contacts has been developed \[[@bb0275]\]. It can achieve fragment enrichment up to hundreds of fold, greatly improving the detection of local chromatin interaction of the genome regions of interest. In addition, chromatin interaction analysis by paired-end tag (ChIA-PET) \[[@bb2275]\] and protein-centric chromatin conformation assay (HiChIP) \[[@bb2475]\] are developed for capturing chromatin interactions mediated by specific proteins such as Pol ǁ. In the future, along with these interatomic data increasing in diverse tissues and cell types even in single cell \[[@bb2675]\], we can learn more knowledge of transcriptional co-regulation using this framework.

5. Conclusions {#s0070}
==============

In this study, we provided a framework for calculating and analyzing the functional similarities, transcription correlation and intra-chromatin interaction between gene pairs in each chromosome and their relationship. We found that the correlation between chromatin spatial structure, gene transcription and function cluster is weak at global scale, but strong at local domain scale. Some super gene clusters, such as histone gene family in chromosome 6 and olfactory receptor gene family in chromosome 1, 6, 7, 9, 11 and 14, are always close to each other in space and more likely to co-transcription across these tissues and cell types. These observations coincide with transcription factories theory. It suggests that function-similar genes are close in space and have similar transcription mechanism. In addition, our framework allows the integration of various genome-wide datasets for transcriptional regulation analysis in gene-resolution and is easy to apply to other species. In the future, we hope the data mining techniques \[[@bb2875], [@bb0285], [@bb0290], [@bb0295], [@bb0300]\] could be applied in this fields.
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